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Measurement of sin23 with BABAR

Douglas M. Wright?
(representing the BABAR Collaboration)

2Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, CA 94566, USA

We present updated results on time-dependent CP-violating asymmetries in neutral B decays to several CP
eigenstates containing charmonium. In the Standard Model, the amplitude of these asymmetries is proportional
to sin28. We measure sin28 = 0.741 £ 0.067 (stat) + 0.034 (syst) from a data sample of about 88 million
Y(4S) - BB decays collected with the BABAR detector at the PEP-II asymmetric-energy B Factory at SLAC.
We have also measured CP-violating asymmetries in open charm, and penguin modes sensitive to sin28, which

provide important consistency tests of the Standard Model.

1. INTRODUCTION

In the Standard Model of electroweak interac-
tions, CP violation arises as a consequence of a
complex phase in the three-generation Cabibbo-
Kobayashi-Maskawa (CKM) quark-mixing ma-
trix. Observations of CP violation in B decays
to charmonium were reported last year by the
BABAR [1] and Belle [2] collaborations. The PEP-
II collider at SLAC has since delivered an addi-
tional 63 fb~!, thereby approximately tripling
the BABAR data sample near the 7'(4S) reso-
nance. Here we report a more precise measure-
ment [3], as well as updated and mew results
from non-charmonium B° decays, using a sam-
ple of about 88 million BB decays. Changes in
the analysis with respect to the previously pub-
lished result [1] include the processing of all data
with a uniform event reconstruction, a new flavor-
tagging algorithm, and the addition of the decay
mode B® — n.K2. The BABAR detector and the
measurement technique are described in detail in
Refs. [4] and [5).

We reconstruct a sample of neutral B mesons
(Bgp) decaying to CP eigenstates and examine
each event for evidence that the recoiling B meson
decayed as a B® or B° (flavor tag). The proper-
time distribution for such events can be expressed
in terms of a complex parameter A that depends
on both the B%-B® oscillation amplitude and the
amplitudes describing B® and B° decays to the

CP final state. The decay rate £, (f.), when the
tagging meson is a B%(BY), is given by
e—latl/tgo 2Tm )\
drpo [ SETY
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fi(At) = sin (AmgAt)

- COS(AmdAt)],(l)

where At & ty, — tag is the difference betwéen

the proper decay times of the reconstructed B
meson (Brec) and the tagging B meson (Biag),
Tpgo is the BY lifetime, and Amg is the B9-BY
oscillation frequency. .

In the Standard Model, A = nze=2 for char-
monium modes (e.g. B° = JAKD), where ny
is the CP eigenvalue of the final state f, and
B = arg[ -V qV1/ViaVit |- The time-dependent
CP-violating asymmetry then becomes

£, (At) —£_(At)
£, (At) +£_(AD)
-1y sin28 sin (Amg At). (2)

Acp (At) =

il

2. TAGGING AND VERTEXING

A measurement of Agp requires a determina-
tion of the experimental At resolution and the
fraction w of events in which the tag assignment
is incorrect. This mistag fraction reduces the ob-
served CP asymmetry by a factor 1 —2w. Mistag
fractions and At resolution functions are deter-
mined from a sample of neutral B mesons that



Table 1
Tagging efficiency, mistag fraction and quality
factor for each category (measured from data).

Category £ (%) w (%) Q (%)

Lepton 91+02 33+06 79+03
Kaon I 16.7+0.2 100+0.7 10.7+04
Kaon II 198 £03 209+08 6.7+04
Inclusive 20.0£0.3 31509 2.7+03
All 65.6 £ 0.5 28.1 £ 0.7

decay to flavor eigenstates (Bpay) consisting of
the channels D®*)~h+(ht = 7+, p+, and aff) !
and J/p K*O(K*® - K+x—).

We use multivariate algorithms to identify sig-
natures of B decays that indicate the flavor of
B,,g. Based on the output of a multi-level neural
network, we assign each event to one of four hi-
erarchical, mutually exclusive tagging categories.
The Lepton category contains events with an
identified lepton. Events with kaon and soft pion
candidates (but not identified leptons) are as-
signed to the KaonI or KaonII category. All
other events are assigned to the Inclusive cate-
gory or excluded from further analysis based on
the estimated mistag probability. The tagging
efficiencies ¢; for the four tagging categories are
measured from data and are summarized in Ta-
ble 1. The figure of merit for tagging is the effec-
tive tagging efficiency Q = ¥, £:(1 — 2w;)2. This
algorithm improves Q by about 7% (relative) over
the algorithm used in Ref. [5].

The time interval At between the two B decays
is calculated from the measured separation Az
between the decay vertices of B;ec and Biag along
the collision (z) axis. We employ constraints from
the beam spot location and the B;.. momentum
to improve vertex reconstruction efficiency and
resolution. The fraction of events satisfying the
vertex quality requirements is 95%. The r.m.s.
At resolution for practically all accepted events
is 1.1ps.

1 Charge conjugation is implied throughout this paper, un-
less explicitly stated.

3. CHARMONIUM MODES

3.1. Event sample

We reconstruct B® decays to the following final
states containing charmonium: 7y = —1 modes
J K2, $(28)K3, xa KD, 1.K; nf = +1 mode
JWK?; and JWpK*O(K*® — K%°). This last
mode, J/iy K*°, is not a pure CP eigenstate, but
is a combination of even (L=0, 2) and odd (L=1)
orbital angular momenta final states. In this
analysis we do not separate the angular com-
ponents, so the measured CP asymmetry is re-
duced by a factor 1 — 2R, , where R, is the frac-
tion of the L=1 component. We have measured
R, = (16.0 £ 3.5)% [6], which gives an effective
0y = 0.65 % 0.07 for the J/ K*° mode after ac-
ceptance corrections.

The event selection criteria for the Bgp sample
are described in Ref. [3]. The selection includes
two main discriminating variables constructed
from the measured energy and momentum of the
final state: the difference AE between the de-
cay energy and the beam energy in the center-
of-mass frame, and the beam-energy substituted
mass mgs = /(E2,)% — (pF°)2. Since it is not
well measured, we determine the K¢ momentum
in the J/y K? mode by applying one of the kine-
matic constraints (effectively mgg), leaving only
one (AE) of the two discriminating variables for
the selection of this mode. Figure 1 shows the
mgs distribution for modes containing a K2 or
K*° and the AE distribution for the J/¢ K? can-
didates. 7

To determine numbers of events and puri-
ties, a signal region 5.270 (5.273) < mgs <
5.290 (5.288) GeV/c? is used for modes contain-
ing K9 (K*°). In the J/ K? mode, the AE res-
olution the signal region is defined by |AE| <
10MeV. The signal region contains 2641 events
that satisfy the tagging and vertexing require-
ments. In Table 2 we list the number of events
and the signal purity for the tagged Bep candi-
dates.

3.2. Measurement of 8in23

We determine sin28 with a simultaneous un-
binned maximum likelihood fit to the At distri-
butions of the tagged Bcop and Bg,, samples. In



this fit, the At distributions of the Bgp sample
are described by Eq. 1 with |A\| = 1, i.e. with the
assumption of no direct CP violation. The At
distributions of the Bg,, sample evolve according
to the known frequency for flavor oscillation in
B° mesons. The observed amplitudes for the CP
asymmetry and flavor oscillation are reduced by
the same factor, 1 — 2w, due to flavor mistags.

There are 34 free parameters in the fit: sin23
(1), the average mistag fractions w and the dif-
ferences Aw between B and B° mistag fractions
for each tagging category (8), parameters for the
signal At resolution (8), and parameters for back-
ground time dependence (6), At resolution (3),
and mistag fractions (8). We fix Tgo = 1.542ps
and Amy = 0.489ps~! [7). The fit to the Bgp
and Bg,, samples yields

sin2f = 0.741 + 0.067 (stat) = 0.034 (syst).

Figure 2 shows the At distributions and the raw
asymmetry (Npo ~ Ngo)/(Npo + Nigo) versus At
for the ny = —1 and 5y = +1, overlaid with the
projection of the likelihood fit result.
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Figure 1. Distributions for Bgp candidates satis-
fying the tagging and vertexing requirements: a)
all final states except J/i K2, and b) Jjy K©.

Table 2

Number of events in the signal region after tag-
ging and vertexing requirements, signal purity,
and results of the CP asymmetry fits.

Sample Niag  P(%) sin28

(I, 9(29), xc1, 1) K2 1506 94 0.76 + 0.07
JWEKD (g =+1) 988 55 0.72 £ 0.16
J KK - K3x%) 147 81 0.22 + 0.52
Full CP sample 2641 78 0.74 £ 0.07

(JAb, $(2S), X1, 1) K3 only (n; = —1)

JW (K2 = 7%x7) 974 97 0.82 + 0.08
I (K2 = 7%x°) 170 89 0.39 =+ 0.24
$(25) (K = ntn~) 150 97 0.69 £ 0.24
Xe1 K2 80 95 1.01 &+ 0.40
K2 132 73 0.59 %+ 0.32
Lepton category 220 98 0.79 £+ 0.11
Kaon I category 400 93 0.78 & 0.12
Kaon II category 444 93 0.73 £ 0.17
Inclusive category 442 92 0.45 + 0.28
B tags 740 94 0.76 £ 0.10
B° tags 766 93 0.75 £ 0.10
Bgav sample 25375 85 0.02 £ 0.02
B¥ sample 22160 89 0.02 £ 0.02

The dominant sources of systematic error are
the uncertainties in the background content, the
assumed parameterization of the At resolution
function, and possible differences between the
Bgsv and Bop mistag fractions. Most systematic
errors are determined with data and will continue
to decrease with additional statistics.

The large Bcp sample allows a number of con-
sistency checks, including separation of the data
by decay mode, tagging category, and By, fla-
vor. The results of fits to these subsamples
are found to be statistically consistent. Fits to
the control samples of non-CP decay modes (the
Bgav sample and B+ mesons decaying to the fi-
nal states Jy K()+, $2S)K+, xa K+, nK+,
and ﬁ')°r+) indicate no statistically significant
asymmetry, as expected. The results of these
checks are given in Table 2.

This measurement of sin28 improves upon
the precision of each of the previous measure-
ments [1,2] by a factor of two. The measured
value is in good agreement with the expectation
implied by the measurements and theoretical esti-
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Figure 2. Number of tagged events, raw asym-

metry, and fit projections as functions of At for

1y = —1 (a & b) and 9y = +1 (c & d) candi-
dates. The shaded regions represent the back-
ground contributions.

mates of the magnitudes of CKM matrix elements
in the context of the Standard Model, and pro-
vides a precise and model-independent constraint
on the position of the apex of the Unitarity Tri-
angle.

38.3. Direct CP violation

We also measure the parameter |A| in Eq. 1
from a fit to the 5y = —1 sample, which has high
purity and requires minimal assumptions on the
effect of backgrounds. This parameter is sensi-
tive to the difference in the number of B%- and
B tagged events. In order to account for dif-
ferences in reconstruction and tagging efficiencies
for B® and B® mesons, we incorporate five ad-

ditional free parameters in this fit. We obtain
|A| = 0.948 + 0.051 (stat) + 0.030 (syst). We si-
multaneously fit the coefficient of the sine term in
Eq. 1 and find it to be 0.759+0.074 (stat). These
results are consistent with the no direct CP vi-
olation hypothesis (J]A\| = 1) and with our sin28
measurement.

4. OPEN CHARM MODE

Within the context of the Standard Model, the
open charm decay B® — D**D*~ is expected
to have a time-dependent CP-violating asymme-
try [8]. Up to corrections due to theoretically
uncertain penguin diagram contributions [9], the
Cabibbo-suppressed tree diagram produces an
asymmetry sensitive to sin2f8. Factorization mod-
els predict that the penguin-induced correction is
small [10], so comparisons with the CP asymme-
try in charmonium modes provides a valuable test
of these models and a consistency check on the
Standard Model.

The selection of BY - D*+D*~ candidates is
described in Ref [11] and results in a sample of
102 tagged events with a purity of 82%. The
B® - D**D*- mode consists of three partial
wave contributions with two different CP pari-
ties: even (S- and D-waves) and odd (P-wave).
Since CP-even and odd components can be sep-
arated by a one-dimensional angular analysis in
the transversity basis [12], we parameterize the
tagged B decay rate in terms of the transversity
angle and fit for the complex CP-even (odd) pa-
rameters Ay (A1), and R, the fraction of signal
events with CP-odd parity.

From a time-integrated fit and corrected for ac-
ceptance, we measure Ry = 0.07 £+ 0.06(stat) +
0.03(syst). Since the CP-odd fraction is small, we
fix the CP-odd parameters in the time-dependent
fit to those measured from the charmonium anal-
ysis, assuming the penguin diagram contribution
is negligible, i.e. JAL| =1 and Im(A,) = —0.741.
With a suitably large statistical sample, one can
fit the CP-odd and even parameters simultane-
ously.

Performing a time-dependent fit including both
cosine and sine terms in Eq. 1 yields the prelimi-



nary result [11]

Im(A;) = 0.31:+0.43(stat) £ 0.13(syst)
[A+] = 0.98 £ 0.25(stat) = 0.09(syst).

If the penguin contribution can be neglected, then
12+] =1 and Im(\4) = —sin28. By making this
assumption and refitting, we find that the change
in the likelihood corresponds to a 2.7 standard
deviation from the result of the fit in charmonium
(sin28 = 0.741).

5. PENGUIN MODES

Since the tree diagram is Cabibbo-suppressed,
the decay B® = Jfn° (ny = +1) has compa-
rable tree and penguin contributions. The tree
diagram has the same weak phase as charmo-
nium modes containing neutral kaons (e.g. B® =
J/p K9); however, a portion of the penguin di-
agram contributes a different weak phase. We
therefore perform a time-dependent CP-violating
asymmetry fit for the coeflicients (Syy~0 and
Cpp0) of the sine and cosine terms in Eq. 1.

We select 49 tagged events with a purity of 59%
and measure the preliminary result {13

Cippno = 038041 (stat) £0.09 (syst),
Sypxo = 0.05£0.49 (stat) £0.16 (syst).

In the absence of the penguin contribution, we
expect Cyyx0 =0 and Sy 0 = —sin2B.

The charmless decay B — ¢K? (n; = -1)
is dominated by gluonic penguin diagrams and
within the Standard Model should have the same
weak phase as the charmonium modes. The pre-
dicted deviation of the effective sin28 measured in
this mode, compared to the Standard Model pa-
rameter, is smaller than 4% [14]). A measurement
of sin28 in ¢K? therefore probes new physics par-
ticipating in penguin loops.

From the analysis described in Ref. [15], we
find 66 tagged candidates with a purity of 50%.
Setting |A| = 1 and fitting only the coefficient
SN"s’ of the sine term in Eq. 1, we determine
Sexg = —0.19+3-52(stat) £ 0.09(syst). In the ab-
sence of new physics, Sy Kg = sin28 at the few
percent level.

In these first measurements from BABAR on the
CP-violating asymmetry in penguin modes sensi-
tive to sin28, the statistical precision of the re-
sults do not yet provide a meaningful test of the
Standard Model; however, high statistics in the
future provide a good opportunity to challenge
the theory.
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